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ABSTRACT 
Colloidal nanoplatelets—quasi-two-dimensional sheets of semiconductor exhibiting 
efficient, spectrally pure fluorescence—form when liquid-phase syntheses of spherical 
quantum dots are modified. Despite intense interest in their properties, the mechanism 
behind their anisotropic shape and precise atomic-scale thickness remains unclear, and 
even counterintuitive when their crystal structure is isotropic. One commonly accepted 
explanation is that nanoclusters nucleate within molecular templates and then fuse. Here, 
we test this mechanism for zincblende nanoplatelets and show that they form instead due 
to an intrinsic instability in growth kinetics. We synthesize CdSe and CdS1-xSex 
nanoplatelets in template- and solvent-free isotropic melts containing only cadmium 
carboxylate and chalcogen, a finding incompatible with previous explanations. Our model, 
based on theoretical results showing enhanced growth on narrow surface facets, 
rationalizes nanoplatelet formation and experimental dependencies on temperature, time, 
and carboxylate length. Such understanding should lead to improved syntheses, controlled 
growth on surfaces, and broader libraries of nanoplatelet materials. 
  
1 
 
Colloidal quantum dots are fluorescent semiconductor nanocrystals nearly spherical in 
shape. Produced via liquid-phase chemical syntheses1, their protocols have been 
manipulated to explore other shapes such as rods2, tetrapods3, and arrows4,5. For 
materials with an anisotropic crystal lattice, such forms arise naturally when growth is 
induced along specific crystallographic directions2. For example, rods result when growth 
along the c-axis of hexagonal (wurtzite) CdSe is enhanced by selective binding of surface 
ligands4 or by kinetically over-driving the reaction2. Even for isotropic crystal structures, 
such as cubic (zincblende) CdSe, non-spherical shapes can be obtained using ligands 
with temperature-dependent binding6. This allows control over addition to {001} and {111} 
facets, leading to cubes, tetrahedrons, or branched particles, depending on temperature. 
However, while the formation of the above shapes is understood, the mechanism 
behind another increasingly important nanostructure is less clear. A variety of quasi-two-
dimensional (2D) semiconductor particles known as nanoribbons7, nanoplatelets (NPLs)8, 
nanosheets9, and quantum belts10 have recently been reported. Among these, CdSe NPLs 
have been the most heavily studied. Such samples contain zincblende platelets that vary 
in lateral dimensions but are remarkably uniform in thickness8, controllable from 3 to 7 
monolayers11. Because their optoelectronic properties are governed by this precise 
atomic-scale thickness, NPLs provide unique behavior11-15, such as spectrally pure 
fluorescence16, large absorption cross-sections17, enhanced energy transfer14, and 
boosted optical gain18. These characteristics are useful for light-emitting devices19, field-
effect transistors20, solar cells14, and lasers18. 
Despite intense interest in these properties, the formation of zincblende CdSe NPLs 
remains puzzling21, especially as their highly anisotropic shape arises from an isotropic 
cubic crystal structure with primarily {001} facets exposed22. Consequently, their shape 
cannot be explained by differential growth on distinct crystallographic facets. Rather, 
another mechanism must be responsible. One possibility, proposed to explain wurtzite 
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CdSe platelets, is that growth occurs within soft molecular templates23. For example, Cd 
precursors of the type CdX2(R-NH2)2 can produce lamellar mesophases24. When such 
phases are treated with chalcogens near room temperature, “magic-sized” clusters [e.g. 
(CdSe)13] can form within this template and organize into stacked rectangular arrays10. 
With mild annealing, these arrays fuse via oriented attachment25-27, yielding wurtzite CdSe 
platelets28 that are dispersible via exfoliation7,10,24. Mesophases have also been implicated 
in the growth of PbS nanosheets9, which form at 100 °C. 
Here we examine whether zincblende CdSe NPLs form via a similar mechanism. We 
find no evidence for this explanation and conclude that these NPLs form instead due to an 
intrinsic instability in their shape during growth. This previously unknown mechanism can 
lead to new and improved NPL processes and materials as well as a broader 
understanding of nanostructure shape control. 
Results 
Role of carboxylates in NPL syntheses. Standard liquid-phase protocols8,29 for 
zincblende CdSe NPLs involve a long-chain Cd(carboxylate)2 [either Cd(myristate)2 or 
Cd(oleate)2], which is heated with Se powder in a non-coordinating solvent (1-octadecene, 
ODE). Between 180 and 240 °C, a short-chain Cd(carboxylate)2 [e.g. Cd(acetate)2] is 
added, and then the mixture is maintained at 240 °C for 5-15 min. The addition of this 
short-chain carboxylate appears to be the critical step. The NPL thickness is regulated by 
the addition temperature and the NPL lateral size by the subsequent reaction time21. 
Without this addition, quantum dots and other shapes form instead of NPLs. 
The apparent importance of the short-chain carboxylate provides a clue to the growth 
mechanism. To reveal this, we added short-chain carboxylic acids of various lengths to the 
standard NPL protocol (see Supplementary Information). We found that NPL formation 
depended on both the carbon-chain length (Cx) and concentration. Acetic anhydride, which 
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decomposes to acetic acid (C2), yielded NPLs at all tested concentrations, propionic acid 
(C3) only at medium to high concentrations, and butyric acid (C4) at none (producing 
primarily quantum dots). Thus, shorter carboxylic acids lead to easier formation of NPLs in 
the standard liquid-phase synthesis. 
We could explain this by repeating these experiments without Se. In this case, NPLs 
could not form, but the intermediates produced in the standard protocol when a short-
chain carboxylic acid is added to long-chain Cd(oleate)2 could be identified. We injected 
two equivalents of C2, C3, or C4 at 180 °C into a transparent solution of ODE containing 
Cd(oleate)2. For C2 and C3, the solutions immediately turned cloudy, but not for C4. After 
30 min, the products were isolated, yielding Cd(acetate)2, Cd(oleate)2-x(propionate)x, and 
nearly pure Cd(oleate)2, for C2, C3, and C4, respectively (see Supplementary Information). 
This indicates that shorter carboxylic acids are more likely to undergo ligand exchange 
with Cd(oleate)2 to form mixed carboxylates of the type Cd(long carboxylate)2-x(short 
carboxylate)x. The replacement of long with short chains lowers the solubility of the 
carboxylate in ODE at the NPL reaction temperature, leading to the observed cloudiness 
for C2 and C3. Therefore, we hypothesize that the addition of short-chain Cd(acetate)2 
during the standard NPL protocol lowers the solubility of the Cd precursor by forming 
mixed carboxylates, which then phase separate as droplets. The solubility of the 
Cd(carboxylate)2 in the solvent then determines if NPLs or quantum dots grow. If the 
precursor dissolves, quantum dots result; if the precursor is insoluble, NPLs form. 
Indeed, when we heated Se with only long-chain Cd(myristate)2 in ODE to 200 °C, the 
Cd(myristate)2 dissolved at ~100 °C and quantum dots were obtained (Fig. 1a). With only 
short-chain Cd(propionate)2 instead, liquid droplets phase separated in the reaction 
solution above 180 °C due to the insolubility of this precursor in ODE. CdSe NPLs formed 
within these droplets, which solidified upon cooling. The resulting NPLs were 4-
monolayers thick as indicated by optical absorption features at 437 and 461 nm (Fig. 1a)22. 
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These results indicate that a mixture of short- and long-chained carboxylates is actually 
not required to obtain NPLs if the Cd precursor is already insoluble under the reaction 
conditions. Furthermore, because NPLs grew in the phase-separated droplets of short-
chain Cd(propionate)2 rather than in solution, even the solvent is apparently unnecessary. 
To test this, we mixed either long-chain Cd(myristate)2 or short-chain Cd(propionate)2 
with Se powder without solvent and heated the blends at 200 °C for 18 h under N2. Above 
the melting point of the carboxylate [~100 °C for Cd(myristate)2 and ~180 °C for 
Cd(propionate)2] a black, viscous slurry formed, which slowly turned yellow. Both reactions 
yielded 4-monolayer CdSe NPLs22 (Fig. 1b), but with different lateral sizes. Thus, NPLs 
can form in a melt of a single Cd(carboxylate)2, either long- or short-chained, with the 
length only modifying growth kinetics. We conclude that the addition of short-chain 
carboxylates is only critical in the standard liquid-phase protocols8,29. There, short 
carboxylates are required to phase separate the Cd precursor from the solvent (ODE). 
Thus, even in the standard protocols, NPLs form in “solvent-free” environments. When we 
removed the solvent we could grow NPLs with either long or short carboxylates. 
Absence of molecular mesophases and oriented attachment. In solvent-free 
environments, it is unlikely that lamellar mesophases are present to template NPL growth. 
For short-chain Cd(propionate)2 such phases are not even known30. Nevertheless, we 
looked for mesophases in the reaction melt by performing in situ wide-angle X-ray 
scattering (WAXS) (Fig. 1c). For the short-chain Cd(propionate)2 we observed a 
polymorphic transition around 100 °C and then above the melting point (180 °C) only a 
broad peak, indicative of a disordered amorphous phase. Upon cooling back to 25 °C, the 
system did not recrystallize and this broad peak remained, as Cd(propionate)2 was frozen 
in a glassy state. This order-to-disorder transition was further supported by differential 
scanning calorimetry (DSC) measurements (see Supplementary Information). Attempts to 
5 
 
observe mesophases in Cd(propionate)2 melts (also in the presence of Se) via polarized 
optical microscopy were also negative (see Supplementary Information). 
Thus, our findings indicate that zincblende CdSe NPLs can form in completely 
isotropic environments [e.g., Cd(propionate)2 above 180 °C]. Spatial constraints from 
molecular mesophases are not necessary to obtain their highly anisotropic shapes. In the 
case of PbS nanosheets9, molecular templates were invoked to explain how pre-formed 
nanoclusters of PbS fuse via 2D oriented attachment23. Even if templates are not involved 
in the growth of zincblende CdSe NPLs, oriented attachment could still play a role. 
Nanoclusters would need to be present and somehow guided to form sheets. However, as 
we now describe, our results are inconsistent with this mechanism. 
Because NPLs exhibit precise atomic-scale thicknesses, the nanoclusters would need 
to be extremely small and uniform in size. These requirements place the clusters in the 
“magic-size” regime31,32 [e.g. (CdSe)13, (CdSe)34, and Cd34S14]. However, such clusters 
have never been observed during syntheses of zincblende NPLs23. This is consistent with 
their poor stability (versus larger quantum dots)28. Nevertheless, to examine their possible 
involvement, we synthesized CdS1-xSex NPLs. Although such NPLs could arise from 
alloyed magic-sized clusters of the type CdS1-xSex, these species are not known, 
presumably because they are even less stable than CdSe clusters. If they did exist, they 
would occur only for specific stoichiometries, and their composition would not be easily 
varied. Hence, if a cluster-oriented-attachment mechanism were operable, homogeneous 
CdS1-xSex NPLs with tunable composition would not be expected when cadmium 
carboxylates were heated with different Se:S ratios. 
Our experiments yielded just such homogeneous CdS1-xSex NPLs. We observed 
monotonic shifts of the optical features with increasing Se content (Fig. 2a), consistent with 
alloying. The NPLs (Fig. 2b) also contained a completely homogeneous distribution of Se 
and S according to energy dispersive X-ray analyses (Fig. 2c). No trace of mixed-phase 
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NPLs was detected. Compared to pure CdSe or CdS NPLs, these samples also exhibited 
broadened absorption features and larger Stokes shifts, similar to trends observed for 
alloyed CdS1-xSex quantum dots33. Thus, based on all of our data, we conclude that 
neither molecular templates nor oriented attachment is involved in the formation of 
zincblende CdSe NPLs. 
Chalcogenide precursor chemistry. Before presenting an alternative explanation, we 
briefly address the chalcogenide precursor. As already shown, we can obtain CdSe, CdS, 
or CdS1-xSex NPLs in solvent-free melts of Cd(propionate)2 with elemental Se, S, or their 
mixtures. The same procedure with Te, however, did not yield CdTe NPLs. This implies 
that a specific chalcogen-to-chalcogenide reduction pathway exists for Se and S but not 
Te. Because Cd is already in its highest oxidation state, Se and S must be reduced by the 
only other possibility, the propionate. To identify the pathway, we collected 
thermogravimetric (TGA) and DSC data while measuring electron-ionization mass 
spectroscopy (MS) of volatile species. We analyzed four samples: Cd(propionate)2 alone 
and with equimolar amounts of either S, Se, or Te. In all cases, weight loss below 180 °C 
was negligible. Above this temperature, differences between group 1 [Cd(propionate)2 
alone or with Te] and group 2 [Cd(propionate)2 with Se or S] were observed (Fig. 3a,b). 
While both groups showed melting of Cd(propionate)2 at 180 °C, group 2 also showed 
melting of elemental Se (220 °C) and S (115 °C). Group 1 exhibited exothermic 
decomposition at 227 °C, which was absent in group 2. 
These findings can be combined with the simultaneously recorded MS data. In 
general, MS of transition-metal propionates shows two distinct decomposition products: 
propionyl radicals, observed as propionyl cations with a mass-to-charge (m/z) ratio of 57, 
and 2-pentanone with m/z of 8634,35. In group 1, both species were observed below 
250 °C, but not in group 2 (Fig. 3c and Supplementary Information). This leads to our 
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proposed reaction mechanism for CdSe (or CdS) NPLs (Fig. 3e). The absence of 
propionyl radical in the presence of Se and S strongly suggests the formation of 
dipropionyl selenide and sulfide. These molecules can react with Cd(propionate)2 to yield 
CdSe or CdS, releasing propionate anions and propionyl cations. The latter decomposes 
to carbon monoxide, ethane, and protons (Fig. 3e). These protons can then be captured 
by free propionate to yield propionic acid. Indeed, traces of this molecule were detected, 
but only for Se and S (Fig. 3d). Thus, dipropionyl selenide and sulfide are apparently the 
reactive chalcogenide precursors in NPL growth. 
Beyond NPLs, such precursors could be exploited in nanocrystal synthesis, where 
elemental Se or S is often combined with metal carboxylates. Recently, organosulfide 
precursors with tailored reactivity were used to improve sulfur-based quantum dots36. 
Libraries of diacyl and diaryl selenide precursors could similarly allow controlled reactivity. 
Theoretical model of NPL growth. We now present a model that accounts for the highly 
anisotropic shape of zincblende NPLs as well as other key experimental observations. 
Namely, when such NPLs grow laterally16,37,38, their thickness remains largely fixed. 
Thickness can, however, increase at long times and high temperatures, e.g. as seen for 
CdS39 and CdTe40. During our experiments, we also observed transitions from 3 to 4 
monolayers. Thus, our model must also address why the optical features of the thinner 
NPLs disappear while those of the thicker NPLs emerge (Fig. 2d). 
To explain these observations, we applied the general theory of 2D nucleation and 
growth41 to CdSe nanocrystals passivated by Cd-acetate ligands. Growth occurs when 
new islands nucleate on the exposed facets of the nanocrystals. Once an island reaches a 
critical size, it becomes stable and has a thermodynamic driving force to grow41,42. 
Because the precursor melt is highly concentrated, diffusion of material to the growing 
island will be fast. Thus, the overall growth mode will be governed by island nucleation. On 
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large planar surfaces this nucleation process has a fixed activation barrier. Below we show 
that on narrow facets with dimensions below the critical island size, the nucleation barrier 
can decrease. This explains why a cubic crystal structure can exhibit anisotropic growth. 
Faster growth can occur on thin facets compared to large planar surfaces. 
Our model assumes an existing zincblende CdSe nanocrystal bounded by Cd-
terminated {001} facets. We then investigated how the energy changes, for different facet 
dimensions, when an island nucleates and grows to eventually cover the facet. For 
simplicity we also assumed that Cd and Se atoms are always incorporated together, as a 
“monomer.” The change in total energy of the system can be expressed approximately as 
∆E = ∆V EV + ∆A EA + ∆L EL. Here ∆V, ∆A, and ∆L are the change in volume, area, and 
edge length of the crystallite due to growth, while EV, EA, and EL are the respective 
energies per unit volume, area, and length. Energetically, solid CdSe is more stable than 
the melt and thus EV is negative, while EA and EL are positive. Hence, the change in total 
energy when new material is added will be minimized when ∆A and ∆L are minimized. 
We evaluated ∆E in two regimes: wide and narrow facets (see Fig. 4a). On wide 
facets, the island nucleates most easily in a corner. We assumed for simplicity that it then 
grows as a square with sides parallel to the crystallite facets. Its energy is given by 
Ewide(a)  (L1 EV) a  (4L1EA  2EL) a1/2  4L1EL where L1 is the height of one monolayer 
and a is the island area. For narrow facets, the island minimizes its energy by instead 
maintaining a single, short step edge spanning the facet. In this case, once the island is 
large enough to span the facet, no additional edge energy needs to be paid as the layer is 
completed. Hence, in this regime the energy is given by a family of linear relationships, 
Emnarrow(a)  (L1 EV  2 EA/m) a  2mL12EA  (m  4)L1EL, where m is the facet thickness 
in monolayers. 
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To quantify the above relationships, we used density-functional theory (DFT) to obtain 
EA = 5.7 meV/Å2 for acetate-passivated CdSe(001) under Se-rich conditions and 
EL = 37.1 meV/Å for monolayer steps on CdSe(001) (see Supplementary Information). 
Calculating EV from first principles is more challenging because the reference state is a 
melt. Instead, we estimated EV (1.5 meV/Å3) from the experimental absence of 2-
monolayer-thick NPLs (see Supplementary Information). 
Figure 4b shows the resulting island energies in the two regimes. Ewide(a) (black curve) 
has the classic shape from standard nucleation theory while Emnarrow(a) behaves very 
differently. The nucleation barriers on narrow facets (denoted by the colored points) are 
smaller than on wide facets. For example, the barrier on 4-monolayer facets is reduced 
from 1.6 to 1.3 eV. This implies much faster growth on narrow facets—three orders of 
magnitude faster at the growth temperature of 200 °C. Even small changes in the facet 
thickness dramatically affect the growth rate. One additional layer slows the growth by a 
factor ten. Consequently, even cubical seed crystallites can evolve into flat NPLs due to 
random fluctuations. This instability can lead to anisotropic NPLs even for materials with a 
cubic crystal structure. To verify this claim statistically, we used the kinetic Monte Carlo 
(kMC) method to simulate the atomistic growth of seed crystallites at finite temperatures 
according to our growth model. We indeed observed that a large fraction of crystallites, 
including those with initially cubical shapes, evolved into highly anisotropic NPLs (see 
Discussion, Movies S1 and S2, and the Supplementary Information). 
Because we constrained our value of EV to match the experimental absence of 2-
monolayer NPLs, the island energy in Fig. 4b for m = 2 increases indefinitely with size. For 
thicker (e.g. 4-, 5-, and 6-monolayer) platelets, growth is suppressed with thickness as 
their nucleation barriers approach the wide-facet limit. However, for sufficiently large island 
areas, these thicker facets eventually become more stable, as indicated by their 
increasingly negative slope beyond the barrier. Thus, the model predicts that the rapid 
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growth of thin, 3-monolayer NPLs will eventually yield, at high temperature and long 
reaction times, to slower growth of thicker platelets—in agreement with experiments. 
These trends can be quantified using a system of coupled rate equations describing 
how a mixture of CdSe monomers and NPLs of different thicknesses evolves in time. We 
estimated nucleation rates from the barriers in Fig. 4b and equilibrium constants from the 
reaction energies of NPLs of a given thickness. Figure 4c shows the time evolution of the 
distribution of monomers within an ensemble of NPLs at 200 °C. At first, only 3-monolayer 
NPLs appear, but then 4-, 5-, and 6-monolayer NPLs appear in succession. Because the 
time needed for each new thickness increases by several orders of magnitude, the NPL 
thickness can be accurately controlled with time and temperature. Using the parameters 
from Fig. 4b, this simple model is consistent with our experimental observation of a 
transition from 3- to 4-monolayer platelets, as shown in Fig. 2d,e. Moreover, it suggests 
that 3-monolayer NPLs are dissolving while new 4-monolayer NPLs are forming. 
Discussion 
Our model also reveals which material properties promote platelet growth. For 
example, the thermodynamic driving force for adding material to a facet is maximized 
when |L1EV| is large and 2EA/m is small. The first term is fixed by the properties of the bulk 
material and growth solution at a given temperature. Thus, a simple strategy to obtain thin 
NPLs (with small m) is to keep EA small. The growth of NPLs is then favored by using 
strongly binding ligands. Conversely, weak surfactants will lead to thicker platelets. 
We also find that the activation barrier for island nucleation scales inversely with |EV| 
and quadratically with EA and EL. Hence, if |EV| is sufficiently large, the barrier can be 
easily overcome on any facet, and the instability leading to NPLs disappears. On the other 
hand, if |EV| is small, or if EA and EL are large, the barrier may be so high that it is 
insurmountable under experimental conditions. In that case no growth will occur. Further, 
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the instability toward NPLs only exists if EL is positive. Even if EL is very small or zero, the 
nucleation barrier on narrow facets will be similar to that on wide facets. Thus, NPL growth 
requires a careful balance of EV, EA, and EL. The evaluation of these parameters for 
different material-ligand combinations should allow a systematic investigation of which 
materials are suitable for growing NPLs. 
We have made preliminary efforts in this direction by attempting to synthesize new 
NPL materials (see Supplementary Information). For example, we heated mercury acetate 
with Se. We saw no evidence of HgSe NPL formation; rather, large irregular crystals were 
obtained. DFT predicts EA = 2.5 meV/Å2 and EL = 9.3 meV/Å for HgSe, which leads to a 
wide-facet barrier of only 0.25 eV, assuming the same EV as used in CdSe. This barrier is 
negligible at the growth temperature and consequently no NPL instability is expected. 
Interestingly, atomically flat CsPbBr3 perovskite nanoplatelets with a cubic crystal 
structure have also been synthesized recently43. Their thickness was controlled by the 
reaction temperature. Below a critical temperature, no CsPbBr3 NPLs were formed. With 
increasing temperature, increasingly thick NPLs (one to five monolayers) were observed. 
Above a critical temperature, CsPbBr3 with cubic crystal habits were obtained44. These 
findings can be easily rationalized by our model, demonstrating the potential of our results 
for developing new NPL materials guided by a rational theoretical model. 
Methods 
Details related to synthetic methods, characterization, calculations, and simulations are 
presented in the Supplementary Information. 
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Figure 1 | The formation of CdSe nanoplatelets in isotropic melts of Cd(carboxylate)2 and elemental 
Se.  a, The solubility of the Cd(carboxylate)2 in octadecene (ODE) determines whether quantum dots or 
nanoplatelets (NPLs) are formed, as shown via optical absorption. While Cd(myristate)2 dissolved in ODE 
and yielded quantum dots with the lowest energy peak at 554 nm (black curve), Cd(propionate)2 was 
insoluble above its melting point, and 4-monolayer CdSe NPLs were obtained (red curve), as indicated by 
the peaks at 437 and 461 nm. b, Without solvent, 4-monolayer CdSe NPLs formed in melts of either Cd 
precursor (over 18 h at 200 °C). Absorption peaks occurred at 432 and 457 nm for Cd(myristate)2 and 436 
and 462 nm for Cd(propionate)2. Transmission electron micrographs show small NPLs obtained from 
Cd(myristate)2 (left) and much larger NPLs from Cd(propionate)2 (right). Both scale bars are 100 nm. c, In 
situ wide-angle X-ray scattering experiments reveal that the initially polycrystalline Cd(propionate)2 
undergoes a phase transition around 100 °C, becomes completely isotropic above the melting point, and 
maintains this glassy phase upon cooling.  
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Figure 2 | CdS1-xSex nanoplatelets and thickness transitions in CdSe nanoplatelets. a, Optical 
absorption (left) and photoluminescence (right) spectra of CdS1-xSex nanoplatelets (NPLs) obtained with 
different Se to S ratios. The lowest energy absorption band (382 nm for pure CdS NPLs11) is shifted to lower 
energies with increasing Se content. Absorption and emission lines are broadened compared to pure CdSe 
or CdS NPLs. The large Stokes shift indicates alloying of Se and S. b, Transmission electron micrographs of 
CdS1-xSex NPLs obtained with equimolar amounts of Se and S. The large sheets role up presumably due to 
lattice strain. Scale bars are 50 and 2 nm. c, Energy dispersive X-ray analyses of the NPLs from b reveal a 
homogeneous distribution of Se and S. A high-angle annular dark field (HAADF) image is also shown for 
comparison. Scale bars are 10 nm. d, Optical absorption spectra taken over 18 h from a blend of 
Cd(propionate)2 and Se powders at 200 °C show that at first 3-monolayer CdSe NPLs form, then slowly 
disappear with the appearance of 4-monolayer NPLs. e, The peak absorbance of the lowest energy feature 
from 3- and 4-monolayer NPLs from d plotted versus time. 
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Figure 3 | In situ analysis of the reactive chalcogenide species formed in melts of Cd(propionate)2.  
a, Thermogravimetric analysis (TGA) and b, differential scanning calorimetric (DSC) data for Cd(propionate)2 
alone or with one equivalent of S, Se, or Te. Cd(propionate)2 alone or with Te showed exothermic 
decomposition at 225 °C, absent for Cd(propionate)2 with Se or S, which instead showed only melting of Se 
(220 °C) or S (115 °C). The endothermic melting of Cd(propionate)2 occurred in all samples (180 °C). c,d, 
During TGA/DSC measurements, volatile species were analyzed by electron-ionization mass spectroscopy 
(MS). Below 250 °C, propionyl radicals (M+, mass-to-charge, m/z, of 57) were detected only for 
Cd(propionate)2 alone or with Te. Release of propionic acid (M+, m/z=74) was observed only with Se or S. e, 
The reaction mechanism consistent with TGA/DSC/MS data. Decomposition of Cd(propionate)2 yields 
propionyl radicals, which are captured by Se (or S). The resulting dipropionyl selenide (sulfide) reacts with 
Cd(propionate)2 to produce CdSe (CdS) NPLs, releasing propionate anions and propionyl cations. The latter 
decompose to ethane, carbon monoxide, and protons. Free propionate can capture these protons. Indeed, 
propionic acid was detected only in samples containing Se (or S). 
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Figure 4 | Theory of the intrinsic growth instability leading to nanoplatelets. a, Qualitatively different 
growth modes on wide and narrow facets of a nanocrystal. On large facets a nucleated island grows 
isotropically to minimize its energy. The corresponding nucleation barrier is determined by the critical island 
size. On narrow facets with thickness less than this critical size, the island quickly spans the entire facet and 
then grows along the facet. The corresponding nucleation barrier is substantially reduced, leading to much 
faster growth at the experimental temperatures. Blue and red areas show new surfaces and edges formed 
by the islands, respectively. b, Calculated energy vs. island size on facets of different thicknesses (black: 
wide facets, color: narrow facets 2 to 6 monolayers) based on parameters obtained from DFT calculations. 
The corresponding nucleation barriers are marked by circles. c, Time evolution of the relative populations of 
nanoplatelets with thicknesses from 3 to 6 monolayers, obtained from reversible first-order kinetics and 
Arrhenius reaction rates evaluated from the nucleation barriers in b. A single attempt frequency, which sets 
the overall time scale, was fit to experimental populations of nanoplatelets 3- (blue) and 4-monolayers 
(green) thick. 
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Supplementary information 
S1. Materials  
a. Chemicals. Cadmium propionate (anhydrous) was purchased from MP Biomedicals (99.9%, 
#05209512). Cadmium nitrate tetrahydrate (99.9%, #20911), cadmium acetate dihydrate (98%, 
#289159), mercury acetate (98%, #176109), selenium (99.5%, #209651), sulfur (99.5%, 
#84683), myristic acid (98%, #70082), butyric acid (99%, #B103500), propionic acid (99.5%, 
#402907), acetic anhydride (99%, #320102), sodium hydroxide (98.5%, #06306), 1-octadecene 
(90%, #O806), oleic acid (90%, #364525), and chloroform-D (99.8 atom% deuterium, #151823) 
were purchased from Sigma Aldrich. Hexane and methanol were purchased from Thommen-
Furler AG, and absolute ethanol from Alcosuisse AG. 1-Octadecene was degassed under 
vacuum (0.02 mbar) for 20 h at 100 °C and stored under nitrogen. All other chemicals were 
used as received. 
S2. Characterization 
a. Nuclear magnetic resonance spectroscopy (NMR). Samples were dissolved in deuterated 
chloroform and transferred to an NMR tube. All spectra were recorded on a Bruker Ascend 
Aeon 400 MHz spectrometer. 1H-NMR spectra were recorded with predefined pulse programs. 
DOSY experiments were carried out with a first gradient amplitude of 2% and a final gradient 
amplitude of 95% with a linear ramp (32 points). 
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b. Powder X-ray diffraction (XRD). Samples were dispersed in hexane and drop-casted on 
zero background Si sample holders, letting the solvent evaporate. XRD patterns were recorded 
on a Bruker D8 Advance instrument (40 kV, 40 mA, λCuK = 0.15418 nm).  
c. Wide angle X-ray scattering experiments (WAXS) experiments were performed using a 
Rigaku MicroMax-002+ microfocused beam (40 W, 45 kV, 0.88 mA) with the 
λCuK = 0.15418 nm radiation in order to obtain direct information on the scattering patterns. The 
scattering intensities were collected by a Fujifilm BAS-MS 2025 imaging plate system (15.2 cm 
 15.2 cm, 50 m resolution). An effective scattering-vector range of 1 nm-1 < q < 15 nm-1 was 
obtained, where q is the scattering wave vector defined as q = 4 sin  / λCuK with a scattering 
angle of 2. Samples were placed in a Linkam THMS600 hot stage holder where temperature 
was set by a Linkam TMS94 temperature controller. 
d. Polarized optical microscopy (POM). Materials were studied with an optical Zeiss Axiophot 
microscope equipped with crossed polarizers connected to a Linkam LTS 350 hot stage. 
Photomicrographs were taken with a Pixelink PL-A662 CMOS camera. Samples were prepared 
in a nitrogen-filled glovebox by placing a few micrograms of thoroughly mixed Cd(propionate)2 
and Se powders (molar ratio 3:1) between two standard microscope coverslips which were 
sealed with UV-curable epoxy to avoid air exposure during the experiment. The samples were 
removed from the glovebox, placed on the heating stage on the microscope, and studied in a 
temperature range from 25 to 200 °C with a heating rate of dT/dt = 10 K/min. 
e. Differential scanning calorimetry (DSC) experiments were performed on a Mettler-Toledo 
DSC1 calorimeter equipped with a Huber TC100 cooling system. Samples (approximately 
10 mg) were encapsulated in 40 L aluminum crucibles and measured under nitrogen 
atmosphere with a heating/cooling rate of dT/dt = 10 K/min.  
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f. Thermogravimetric analysis (TGA)/DSC coupled with mass spectrometry (MS). 
Cd(propionate)2 alone or with one molar equivalent of Te, Se, or S was weighed in Al2O3 
crucibles and loaded in a Netzsch STA 449 thermal analyzer. After keeping the samples under 
an argon flux for 30 min to remove residual air, the temperature was ramped up from 45 to 
300 °C at 10 K/min under argon flow (50 mL/min). TGA and DSC profiles were recorded in 
synchronization with electron ionization MS of volatile decomposition products. 
g. Absorption and photoluminescence spectroscopy. Aliquots were diluted in hexane and 
transferred to quartz cuvettes. Absorption spectra were recorded on a Varian Cary 50 
spectrophotometer and photoluminescence spectra on a Spex Fluorolog 2 fluorometer. 
h. Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy 
(EDS). Samples were prepared on carbon-coated copper grids by drop-casting dilute 
dispersions (hexane) followed by slow evaporation of the solvent. TEM micrographs were 
recorded on a Philips CM12 (operated at 100 kV) or on a FEI Tecnai F30 FEG (operated at 
300 kV). EDS analyses was carried out on a FEI Talos F200X microscope (operated at 200 kV). 
i. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). 
Dispersions of powders (hexane) were drop-casted onto Si wafers and imaged using a Hitachi 
S-4800 SEM, operated at 3 kV in secondary-electron mode. EDS spectra were recorded at 
10 kV with an EDAX Octane Super detector. 
S3. Synthesis of materials 
a. Cd(myristate)2 and Cd(oleate)2. 3.54 g (15 mmol) Cd(NO3)2 · 4 H2O and 6.85 g (30 mmol) 
myristic acid [or 8.47 g (30 mmol) oleic acid] were dissolved in 650 mL methanol under 
magnetic stirring. A solution of 1.81 g (45 mmol) NaOH in 50 mL methanol was added dropwise 
and left under vigorous stirring for 30 min. Cd(myristate)2 [or Cd(oleate)2] precipitated as a 
white, fluffy solid. This product was filtered, washed three times with methanol, and dried 
overnight in a vacuum oven at 40 °C (10 mbar). 
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b. CdSe nanoplatelet (NPL) syntheses with acetic anhydride, propionic, or butyric acid. 
The general protocol from Ref. S1 was adapted and modified. Briefly, in a 250 mL three-neck 
flask, 90 mL of 1-octadecene (ODE), 480 mg (1.8 mmol) Cd(acetate)2 · 2 H2O, and 1.18 g 
(4.2 mmol) technical grade oleic acid were degassed at 110 °C for 90 min under vacuum 
(0.02 mbar) and then kept under a nitrogen atmosphere. A dispersion of 72 mg (0.9 mmol) Se in 
2 mL degassed ODE was prepared in a nitrogen-filled glove box and injected into the reaction 
vessel. The temperature was set to 240 °C with a ramp of 20 °C/min. When the reaction mixture 
reached 180 °C, 0.5, 1, or 2 equivalents (with respect to Cd) of either acetic anhydride, 
propionic acid, or butyric acid were injected. Aliquots (1 mL) were taken at 175 (before 
injection), 190, 205, 220, and 240 °C and diluted in 5 mL hexane. The temperature was 
maintained for 10 min at 240 °C, another aliquot was taken, and the mixture was quickly cooled 
to room temperature with a water bath and 10 mL oleic acid was injected. All products were 
precipitated from the crude reaction mixture with 5:1 excess of ethanol and centrifugation at 
4000 r.p.m. (15 min). Special care was taken to ensure that the supernatants did not contain 
any CdSe species (quantum dots or NPLs) in order to get a representative overview of the 
products. The pellets were redispersed in hexane and precipitated two more times with ethanol 
by centrifugation (4000 r.p.m., 5 min). The washed products were redispersed and stored in 
10 mL hexane. 
c. Studies on ligand exchange in Cd(oleate)2 complexes. A modified version of the protocol 
described in Section S3.b was used, i.e. without Se. In a 250 mL three-neck flask, 90 mL ODE, 
480 mg (1.8 mmol) Cd(acetate)2 · 2 H2O, and 1.18 g (4.2 mmol) technical grade oleic acid were 
degassed at 110 °C for 90 min under vacuum (0.02 mbar) and then kept under a nitrogen 
atmosphere. At this stage, all Cd(acetate)2 was converted to Cd(oleate)2. The temperature was 
set to 180 °C with a ramp of 20 °C/min. When the solution reached 180 °C, 2 equivalents (with 
respect to Cd) of either acetic anhydride, propionic acid, or butyric acid were injected. Upon 
S5 
 
injection of acetic anhydride or propionic acid the solution became turbid, while in the case of 
butyric acid no changes were observed. The reaction was allowed to continue for 30 min at 
180 °C, then the mixture was cooled to room temperature. Solids were isolated by direct 
centrifugation of the reaction mixtures at 8000 r.p.m. (30 min), washed three times with hexane, 
isolated by centrifugation (8000 r.p.m., 10 min), and dried under vacuum (0.02 mbar) for 24 h. 
d. Solvent-free synthesis of CdSe and CdS1-xSex NPLs. Powders of anhydrous cadmium 
carboxylates [Cd(propionate)2 or Cd(myristate)2] were mixed with powders of Se, S, or mixtures 
of Se and S in glass vials at a molar ratio of 3:1 (cadmium carboxylates to chalcogens, if not 
stated otherwise) and placed in a pre-heated muffle oven inside a nitrogen-filled glovebox. 
Reactions were carried out from 5 min to 18 h at 200 °C (if not stated otherwise). The initially 
black (yellow) melt of cadmium carboxylates and Se (S) turned yellow (white) over time. After 
cooling to room temperature, the samples were taken from the glovebox, and solutions of oleic 
acid (5 vol%) in hexane/ethanol (1:1 vol%) were added to the dry powders, followed by 
sonication (30 min) and centrifugation at 3000 r.p.m. (5 min). The supernatants were discarded 
and the pellets were resuspended in ethanol, sonicated (30 min), and then centrifuged at 
4000 r.p.m. (5 min). This redispersion-precipitation-centrifugation sequence was repeated twice, 
and the cleaned samples were stored in hexane. 
e. Solvent-free synthesis of mercury selenide. 300 mg Hg(acetate)2 (0.94 mmol) was mixed 
with 25 mg Se (0.32 mmol) in a glass vial and heated to 190 °C for 16 h inside a nitrogen-filled 
glovebox. The black reaction cake was dispersed in a solution of 5 mL hexane and 200 L oleic 
acid followed by sonication (30 min). The sample was precipitated by centrifugation at 4000 
r.p.m. (5 min), redispersed in hexane, precipitated with an excess of ethanol, and centrifuged 
again at 4000 r.p.m. (5 min). This redispersion-precipitation-centrifugation sequence was 
repeated twice, and the washed sample was dispersed in hexane. 
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S4. Modeling and theory 
a. Model of two-dimensional nucleation and growth of nanoplatelets. Here we provide 
further details about our evaluation of the nucleation barriers to form islands on surfaces. We 
assume that the change in energy upon island nucleation depends on the change in total crystal 
volume (∆𝑉), surface area (∆𝐴), and edge length (∆𝐿): 
 ∆𝐸 = 𝐸𝑉∆𝑉 + 𝐸𝐴∆𝐴 + 𝐸𝐿∆𝐿. (S1) 
Here, 𝐸𝑉, 𝐸𝐴, and 𝐸𝐿 are respectively volume, surface, and line energies. 𝐸𝑉 is the energy per 
unit volume of CdSe in the zincblende bulk crystal phase, relative to its value in the precursor 
melt; thus 𝐸𝑉 is the thermodynamic driving force for crystallization. 𝐸𝐴 is the surface formation 
energy of CdSe(001) passivated by Cd-acetate molecules. From DFT calculations (see Section 
S4.c) we obtained 𝐸𝐴= 5.7 meV/Å
2 under Se-rich conditions. 𝐸𝐿 is the edge formation energy of 
a monolayer-high step on Cd(001); from DFT we obtained 37.1 meV/Å. We consider only 
monolayer islands, for which the height is 𝐿1 =
𝑎0
2
= 3.10 Å. Hence the additional volume ∆𝑉 for 
an island is equal to the projected area, 𝑎, of the island times the island height: ∆V = 𝐿1𝑎. 
Similarly, the additional surface area ∆𝐴 is equal to the projected perimeter of the island (𝐿island) 
times the island height: ∆𝐴 = 𝐿1𝐿island. The evaluation of the total added edge length is slightly 
more complex. As can be seen from Fig. 4a in the main text, the increase in total edge length 
arises from the part of the island perimeter forming a step with length 𝐿step, plus 4 edges with 
length 𝐿1: ∆𝐿 = 𝐿step + 4𝐿1. We substitute these expressions into Eq. (S1) and obtain for the 
island formation energy: 
 ∆𝐸(𝑎, 𝐿island, 𝐿step) = (𝐿1𝐸𝑉)𝑎 + 𝐿1𝐸𝐴𝐿island + 𝐸𝐿(𝐿step + 4𝐿1). (S2) 
The shape of a growing island evolves so as to minimize its formation energy at every point 
along a generalized reaction coordinate which we take to be the projected area of the island: 
 d∆𝐸|𝑎 = 0. (S3) 
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The solution of Eq. (S3) describes the minimum energy path for the formation reaction of a 
stable island. The maximum of this curve, if it exists, corresponds to the nucleation barrier, 
∆𝐸
barrier
. We evaluate the formation energy of the most stable island with a given area and 
underlying surface shape under our assumption that the crystallite is bounded by {001} facets. 
We find that the solution of Eq. (S3) depends on the facet dimensions. On wide facets, for which 
the characteristic size of the island is smaller than the facet thickness, we assume for simplicity 
a square island originating from a corner of the facet (see Fig. 4a in the main text). The 
formation energy is 
  𝐸wide(𝑎) = 𝐿1𝐸𝑉𝑎 + 4𝐿1√𝑎𝐸𝐴 + 2(√𝑎 + 2𝐿1)𝐸𝐿 (S4) 
 = 𝐿1𝐸𝑉𝑎 + (4𝐿1𝐸𝐴 + 2𝐸𝐿)√𝑎 + 4𝐿1𝐸𝐿. (S5) 
On narrow facets, the most stable island has a rectangular shape covering the full width of the 
facet (see Fig. 4a in the main text). In this regime the island formation energy is  
  𝐸narrow(𝑎) = 𝐿1𝐸𝑉𝑎 + (2𝑚𝐿1 +
2𝑎
𝑚𝐿1
) 𝐿1𝐸𝐴 + (𝑚 + 4)𝐿1𝐸𝐿. (S6) 
 = (𝐿1𝐸𝑉 +
2𝐸𝐴
𝑚
) 𝑎 + 2𝑚𝐿1
2𝐸𝐴 + (𝑚 + 4)𝐿1𝐸𝐿. (S7) 
These solutions are shown in Fig. 4b in the main text for a range of different surface 
thicknesses m. 
b. Simple kinetic model of reversible crystal growth. The above nucleation model explains 
why growth is faster on thin facets, assuming an overall driving force for growth exists. 
However, it does not take into account the reversibility of the growth or the fact that 
thermodynamic driving forces may change throughout the reaction, for example, by the 
decaying supersaturation of reactants. To address this, we developed a simple kinetic model to 
describe the temporal evolution of five different populations: free monomers ( 𝑁0 ), and 
monomers embedded in NPLs with thicknesses from 3 to 6 monolayers (𝑁3−6). NPLs thinner 
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than 3 monolayers are not stable, and thicker ones grow with rates far beyond laboratory 
timescales. 
To begin, we constrain our system by the mass conservation law: 
 ∑ 𝑁𝑚(𝑡)𝑚 = 𝑁tot . (S8) 
We describe attachment and detachment reactions of monomers on the crystal surfaces as 
first-order processes. This means that we assume that on a nanoplatelet (𝑚 = 3,4,5,6) the 
attachment rate is proportional to the free-monomer concentration and the detachment rate is 
proportional to the bound-monomer concentration: 
 
d𝑁𝑚(𝑡)
d𝑡
= 𝑘𝑚𝑁0(𝑡) − 𝑘−𝑚𝑁𝑚(𝑡) , (S9) 
where 𝑘𝑚 and 𝑘−𝑚 are the rate constants for attachment and detachment, respectively. Based 
on (S8) and (S9) we can also express 𝑁0(𝑡) in its derivative form: 
   
d𝑁0(𝑡)
d𝑡
= −𝑁0(𝑡)∑ 𝑘𝑚𝑚≠0 + ∑ 𝑘−𝑚𝑁𝑚(𝑡)𝑚≠0  . (S10) 
We can express the set of differential equations in matrix notation (∑ 𝑘𝑚𝑚≠0 = 𝑘tot): 
  
d
d𝑡
(
 
 
𝑁0(𝑡)
𝑁3(𝑡)
𝑁4(𝑡)
𝑁5(𝑡)
𝑁6(𝑡))
 
 
=
(
 
 
−𝑘tot
𝑘3
𝑘4
𝑘5
𝑘6
𝑘−3
−𝑘−3
0
0
0
𝑘−4
0
−𝑘−4
0
0
𝑘−5
0
0
−𝑘−5
0
𝑘−6
0
0
0
−𝑘−6)
 
 
(
 
 
𝑁0(𝑡)
𝑁3(𝑡)
𝑁4(𝑡)
𝑁5(𝑡)
𝑁6(𝑡))
 
 
 , (S11) 
or written in compact form: 
   
d
dt
𝒙(𝑡) = 𝐊𝒙(𝑡) . (S12) 
This problem can be diagonalized using the unitary matrix 𝐔 which contains column-wise the 
eigenvectors of 𝐊: 
   
d
d𝑡
[𝐔−1𝒙(𝑡)] = (𝐔−1𝐊𝐔)[𝐔−1𝒙(𝑡)] , (S13) 
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d
dt
?̃?(𝑡) = 𝛌?̃?(𝑡) , (S14) 
where ?̃?(𝑡) = 𝐔−1𝒙(𝑡)  and 𝛌 = 𝐔−1𝐊𝐔  is a diagonal matrix containing the eigenvalues of 𝐊 . 
Having uncoupled the set of differential equations they can be solved separately: 
   
d
dt
?̃?𝑖(𝑡) = λ𝑖𝑖?̃?𝑖(𝑡) , (S15) 
   ?̃?𝑖(𝑡) = ?̃?𝑖(0)𝑒
λ𝑖𝑖𝑡 .  (S16) 
To find the values ?̃?𝑖(0) we need to evaluate the coordinate transformation at 𝑡 = 0 for where 
we know that all monomers (𝑁tot) are in their free form: 
   𝒙(0) = 𝐔−1𝒙(0) = 𝐔−1(𝑁tot, 0,0,0,0)
𝑇 .  (S17) 
Finally, we obtain the solution by reversing the transformation from above: 
    𝒙(𝑡) = 𝐔?̃?(𝑡) .  (S18) 
We next need to evaluate 𝑘𝑚 and 𝑘−𝑚. Monomer attachment and detachment occur on kink 
sites along surface steps at the edges of islandsS2,S3,S4. The number of such islands is 
proportional to the rate at which they are nucleated, exp (−
∆𝐸𝑚
barrier
kT
), where ∆𝐸𝑚
barrier is the island 
nucleation barrier. The rates of monomer attachment and detachment are proportional to the 
island number and the facet thickness m: 
 𝑘𝑚 = 𝐶0𝑚 exp (−
∆𝐸𝑚
barrier
kT
)                (S19) 
 𝑘−𝑚 = 𝐶0𝑚 exp (−
∆𝐸𝑚
barrier
kT
) 𝐴𝑚. (S20) 
The prefactor 𝐶0 includes all terms in the rate constant that are assumed to be equal for the 
various reactions, and 𝐴𝑚 accounts for the additional energy penalty to detach a monomer from 
its bound state in the nanoplatelet, making the detachment reaction slower. Since the ratio 
𝑘𝑚 𝑘−𝑚⁄  is equal to the equilibrium constant we find for 𝐴𝑚: 
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 𝐴𝑚 =
𝑘−𝑚
𝑘𝑚
= exp (
∆𝐻𝑓,𝑚
𝑘𝑇
) = exp (
2𝐿1
3𝐸𝑉+
4𝐿1
2
𝑚
𝐸𝐴
𝑘𝑇
) , (S21) 
with ∆𝐻𝑓,𝑚 being the reaction energy per monomer. 
The remaining free parameter, 𝐶0, was used to fit the solution of this set of ordinary differential 
equations to the experimentally recorded absorption spectra (Fig. 4c in the main text) of 3- and 
4-monolayer-thick NPLs (the absorption data was normalized to the total amount of CdSe 
absorption at 350 nm). We obtained a general attempt frequency of 𝐶0 = 2.8 × 10
11 Hz. The 
resulting dynamics of the different populations are shown in Fig. S13a and Fig. 4c in the main 
text. 
We now consider our assumption of first-order kinetics for monomer incorporation and 
dissolution. Derivations of explicit nucleation rates reveal second-order kineticsS5 and the rate of 
dissolution is proportional to the amount of exposed monomers on the reactive surface rather 
than to the total amount of monomers in the NPLs. Since the reactive surface involves the few-
monolayer-thick side facets, its area is proportional to 𝑁𝑚
1 2⁄ (𝑡). These considerations lead to 
kinetics very different from first order: 
 
d𝑁𝑚(𝑡)
d𝑡
= 𝑘𝑚𝑁0
2(𝑡) − 𝑘−𝑚𝑁𝑚
1 2⁄ (𝑡) . (S22) 
In Fig. S13, we show a comparison of numerical solutions for our first-order-kinetics model and 
the advanced model based on the same set of reaction constants, 𝑘𝑚 and 𝑘−𝑚. We can clearly 
observe the same qualitative behavior in both cases. In the more realistic model, the equilibrium 
conditions have changed due to the reaction order: 
 𝐾𝑚 = exp(−
2𝐿1
3𝐸𝑉+
4𝐿1
2
𝑚
𝐸𝐴
𝑘𝑇
) =
𝑁𝑚,eq
1 2⁄
𝑁0,eq
2  ,  (S23) 
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which leads to an equilibrium ratio between populations 𝑖 and 𝑗 that is squared compared to the 
first-order model: 
 
𝑁𝑖,eq
𝑁𝑗,eq
=
𝐾𝑖
2
𝐾𝑗
2 . (S24) 
The important point is that the simplified model predicts the same qualitative behavior as the 
exact model. It only slightly underestimates the selectivity of the synthesis. 
c. Evaluation of surface, edge, and volume energies. We used density-functional theory 
(DFT) total-energy calculations to determine the atomistic geometry of passivated nanocrystal 
surfaces, steps, and edges, as well as the binding energies of CdSe monomers and the 
activation barriers for desorption of Cd-acetate ligands at those surfaces. For computational 
efficiency we omitted carboxylates with longer carbon chains as they can be expected to 
behave very similarly to acetate. Total energies and forces were calculated within the 
generalized-gradient approximation of Perdew, Burke, and Ernzerhof (PBE)S6,S7 using projector-
augmented-wave potentials, as implemented in VASPS8,S9. The plane-wave cut-off was 300 eV. 
We optimized all geometries until the forces were below 50 meV/Å. 
The surface and edge energies, 𝐸𝐴 and 𝐸𝐿, on CdSe(001) are formation energies defined with 
respect to a reference system (here the reservoirs of different chemical species),S10,S11,S12 
 ∆𝐻𝑓(𝑋) = 𝐸tot
DFT(𝑋) − ∑ 𝑛𝑖µ𝑖𝑖 . (S25) 
We use the superscript “DFT” for values directly taken from a single DFT total-energy 
calculation. 𝑋 is the system including the defect (a surface or a step). The sum in Eq. (S25) 
accounts for the fact that each element 𝑖 contained 𝑛𝑖 times in 𝑋 has a chemical potential, µ𝑖.  
The NPLs, surfaces, and edges are comprised of Cd, Se, and the surfactant acetate molecule, 
(AcO, H3C2O2), which we consider to be indivisible. Following standard practice we assumed  
thermodynamic equilibrium between CdSe and reservoirs of Cd and Se. Thus, we have: 
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 (µCd + µSe) = 𝐸CdSe
DFT .  (S26) 
The analogous assumption for Cd(AcO)2 gives: 
 µCd + 2µAcO = 𝐸Cd(AcO)2
DFT .  (S27) 
Due to the presence of elemental selenium in the reaction we also assumed, for concreteness, 
that the experiments were conducted under Se-rich conditions: 
 µSe = 𝐸Se,bulk
DFT  (S28) 
These three conditions fix the values of the three chemical potentials. For the bulk phases we 
used the relaxed structures of zinc-blende CdSe (𝐸CdSe
DFT ), -Se (𝐸Se,bulk
DFT ), and a 2-dimensional 
coordination polymer of Cd acetate (𝐸Cd(OAc)2
DFT , see Fig. S14).  
To calculate the surface energy 𝐸𝐴 we used a 4-monolayer thick CdSe slab in vacuum with Cd-
terminated {001} surfaces on both sides passivated with acetate molecules (see Fig. S15). We 
obtained 𝐸𝐴 = 5.7 
meV
Å2
, the value used in the main text. 
To define the edge energy 𝐸𝐿 we used three islands of different width (Fig. S16b-d) and took the 
average as a single representative value appropriate for small islands. This average is 𝐸𝐿 =
37 
meV
Å
, the value used in the main text. We caution that the high and low values (47 and 24 
meV/Å) are quite different from this average and hence that the results should be understood as 
trends rather than precise values. 
Finally, we turn to the volume energy 𝐸𝑉. Crystals form from supersaturated melts or solutions 
because a thermodynamic driving force exists for a monomer in the solution/melt to incorporate 
into the crystal. In our model the energy gain per monomer incorporated into a bulk crystal is 
given by 𝑉𝑚𝐸𝑉, where 𝑉𝑚 is the volume of a monomer in bulk CdSe. While 𝐸𝐴 and 𝐸𝐿 can be 
estimated from DFT calculations for well-defined structures, this is less straightforward for 𝐸𝑉 
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because the melt is difficult to model. Thus, instead of DFT, we used experimental observations 
to constrain the range of possible values for 𝐸𝑉. 
As discussed in the main text, stable nanoplatelets can only grow if their formation energy is 
negative: 
 
d𝐸narrow-facet(𝑎)
d𝑎
= 𝐿1𝐸𝑉 +
2
𝑚
𝐸𝐴 < 0. (S29) 
Because we can grow NPLs with a thickness of 3 monolayers, but not 2, we can conclude that 
 −
2
2𝐿1
𝐸𝐴 < 𝐸𝑉 < −
2
3𝐿1
𝐸𝐴. (S30) 
In our model as described in the main text, we used the average of the limits for this range, 
𝐸𝑉 = −
5
6𝐿1
𝐸𝐴 = −1.5 
meV
Å3
. 
d. Calculation of the surfactant desorption barriers. We evaluated the activation barriers for 
desorption of the surfactants from the NPL surface to better understand where CdSe monomers 
are most likely to adsorb during growth. We found that monomers preferentially adsorb near 
steps, which is consistent with the growth model described in the main text. 
To evaluate the barrier for an acetate (or Cd acetate) to desorb from the CdSe surface we 
determined the minimum-energy reaction path using the nudged-elastic-band (NEB) method as 
implemented in VASPS13. We used 9 NEB images between the two endpoints of the reaction 
coordinates; this identifies the transition state with sufficient accuracy for our purposes. The 
specific reactions we investigated included: (i) acetate desorption from a flat surface, (ii) Cd 
acetate desorption from a flat surface, (iii) acetate desorption from a step, and (iv) Hg acetate 
desorption from a flat HgSe surface. Initial and final structures and the corresponding minimum 
energy paths of these reactions are shown in Fig. S17. 
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e. Kinetic Monte Carlo simulations of nanoplatelet growth.  Atomistic simulations of growth 
provide an independent way to validate our explanation of the instability that leads to NPLs. We 
used the kinetic Monte Carlo methodS14,S15 to simulate nanocrystal growth via the incorporation 
of CdSe monomers. For simplicity we represented the underlying crystal lattice as simple cubic. 
We considered only adsorption and desorption of monomers, but not their diffusion (either on 
the surface of the nanocrystal or in solution). We treated monomer adsorption and desorption 
as thermally activated processes with Arrhenius-type reaction rates. 
In the real system, the adsorption of a CdSe monomer requires three separate steps: (1) 
desorption of a surfactant molecule to expose a surface site, (2) adsorption of a monomer onto 
that site, and (3) re-adsorption of a surfactant molecule to maintain the passivated surface. Of 
these three steps only the first has an energy barrier. Therefore, the effective barrier for adding 
a monomer to a surface site ∆𝐸ads
barrier is given by the barrier for desorbing a surfactant molecule. 
We obtained these barriers from DFT/NEB calculations as discussed in the previous section. 
The results showed a strong preference of monomer adsorption on a step edge (∆𝐸ads
barrier =
1.2 eV) compared to a flat crystal surface (∆𝐸ads
barrier = 2.1 eV). 
The desorption of a CdSe monomer also requires three steps: (1) desorption of the surfactant 
molecule, (2) desorption of a monomer molecule, and (3) re-adsorption of a surfactant. Two of 
these steps have a barrier, namely desorption of the surfactant and of the monomer. Compared 
to surfactants, monomers have a local environment which is much more variable – with 6 
nearest-neighbour sites already in a simple cubic structure – leading to a large number of 
distinct scenarios. Instead of investigating each of these scenarios by DFT, we used a simplified 
model to estimate these site-dependent desorption barriers. First, we assume that monomer 
and surfactant desorb together as a complex. Furthermore, we assume that the transition state 
of this reaction is reached when monomer and surfactant have broken their bond to the surface, 
but no surfactant has yet adsorbed at the open site left behind.  As a consequence (see the 
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schematic potential-energy surface in Fig. S18), the barrier for monomer desorption can be 
easily estimated from the barrier for adsorption if the energy difference ∆𝐸des between the two 
endpoints of the reaction is also known. Thus we have: 
 ∆𝐸des
barrier = ∆𝐸ads
barrier + ∆𝐸des. (S31) 
It is straightforward to evaluate the energy difference ∆𝐸des for any given local environment of a 
monomer. To do this, we used a modified bond-counting model based on a lattice of monomers. 
This model gives desorption barriers ranging from 0.075 eV for a single monomer sitting on a 
corner of a flat surface to 2.2 eV for a monomer incorporated in a flat surface. Each monomer in 
the nanocrystal makes 𝑛𝐵 bonds (from 1 to 6) to its nearest neighbors. When a monomer is 
removed from the nanocrystal these bonds are broken and the monomer is considered 
"dissolved" in the melt (or solvent). Hence, desorption raises the energy of the system by 𝑛𝐵𝜀𝐵 
and lowers it by |𝜇| where 𝜇 < 0 is the chemical potential of the dissolved monomer. We 
modified this standard bond-counting model by including an additional term arising from the 
energy per unit length 𝐸𝐿 of the exposed edges of the nanocrystal; this parameter has the same 
value as in the main text, 𝐸𝐿 = 37 
meV
Å
. Hence the energy change upon monomer desorption is 
 ∆𝐸des = 𝑛𝐵𝜀𝐵 + µ𝑆 + 𝐸𝐿∆𝐿. (S32) 
Finally, from expression (S31) follows a standard Arrhenius relationship between 𝑟des  and 
𝑟ads
S2,S3,S4: 
 𝑟des = 𝑟adsexp (−
∆𝐸des
𝑘𝑇
). (S33) 
We now show that by enforcing the equivalence of the discrete expression (S32) with our 
continuum model (in the main text) for the energy of a nanocrystal, we can obtain the 
parameters 𝜀𝐵 and µ𝑆 from the continuum parameters 𝐸𝑉 and 𝐸𝐴. 
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To do this, we equate the two different expressions for the energy of a general crystallite built 
from monomer cubes with the volume 𝑉𝑚. We begin with the continuum description. We group 
the monomers comprising the crystallite according to the number of their nearest neighbors: 𝑛1 
monomers with one nearest neighbor, 𝑛2 monomers with two nearest neighbors, etc. Monomers 
with fewer than six nearest neighbors lead to a monomer face being exposed at the crystallite 
surface. Hence a monomer with 𝑗 nearest neighbors has (6 − 𝑗) exposed square surfaces, each 
with area 𝑉𝑚
2/3
. Accordingly, the total energy is 
 𝐸continuum = ∑ 𝑛𝑖[𝑉𝑚𝐸𝑉 + (6 − 𝑖)𝑉𝑚
2/3
𝐸𝐴] + 𝐸𝐿𝐿
6
𝑖=1 , (S34) 
where 𝐿 is the total edge length of the crystallite.  
We now make the same evaluation using the discrete expression (S32). Each monomer in the 
crystallite must first be obtained from the melt and hence costs energy 𝜇𝑆. In the crystallite, a 
monomer shares its bond with its ni nearest neighbors. Hence the total energy is 
 𝐸discrete = ∑ 𝑛𝑖 [−
𝑖
2
𝜀𝐵 − 𝜇𝑆] + 𝐸𝐿 𝐿
6
𝑖=1 . (S35) 
In order for the expressions (S34) and (S35) to be equal for arbitrary choices of {𝑛𝑖} we must 
have 
 −
𝑖
2
𝜀𝐵 − 𝜇𝑆 = 𝑉𝑚𝐸𝑉 + (6 − 𝑖)𝑉𝑚
2/3
𝐸𝐴, (S36) 
which immediately yields the parameters 𝜀𝐵 and µ𝑆 in terms of 𝐸𝑉 and 𝐸𝐴: 
 𝜀𝐵 = 2𝑉𝑚
2/3
𝐸𝑆 = 173 meV, (S37) 
 𝜇𝑆 = −𝑉𝑚𝐸𝑉 − 6𝑉𝑚
2/3
𝐸𝑆 = −428 meV. (S38) 
We started our simulations from small random crystallite seeds of 6-28 monomers. At the actual 
experimental temperatures around 500 K the growth is extremely slow. This is because 
overgrowing a facet with a new layer starts with a sequence of highly unfavorable attachment 
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steps. For example, the formation of a stable island on a 4-monolayer wide facet along the 
minimum energy path requires a sequence of 5 very rare attachment steps with probabilities on 
the order of 10−6, 10−2, 10−2, 10−1, and 10−4, respectively. Thus, to increase computational 
efficiency we ran the simulations at 1000 K, we blocked monomer attachment on flat surfaces 
due to its low reactivity (see surfactant desorption barriers), and we increased the sticking 
probability of single monomers to avoid repeated detachment and attachment steps. A typical 
growth sequence is shown in Movie S1 and a statistical summary of the results from small initial 
crystal seeds containing between 6 and 28 monomers is shown in Fig. S19. By increasing the 
temperature even further, for example to 2000 K, we observed that the selective growth of 
narrow facets is completely suppressed, and the crystallites grow isotropically (see Movie S2). 
These results are consistent with the 2D nucleation model presented in the main text. 
Due to the high step energy of growing islands, the crystal facets in our simulations are not 
rough but almost perfectly flat: an island either quickly re-dissolves or overgrows the complete 
facet. Therefore, we can conveniently describe these crystals by the three side lengths of a 
rectangular box. We use the largest box spanned by the lattice points containing no unoccupied 
sites. We define the shortest side length as the thickness. Then the characteristic side length of 
the nanoplatelet is given by the square root of the maximum projected area of the box. In Fig. 
S19 we plot the thickness versus characteristic length for a set of crystals obtained from 
simulations starting with small crystal seeds of various shapes. We observe two types of 
growth: (1) crystals that reach an increased thickness at early stages in the simulations and 
grow equally slowly in all directions, forming isotropic crystallites; (2) crystals that remain thin 
while growing faster in the other two lateral dimensions, forming extended flat nanoplatelets.  
Thus, these KMC simulations give insight into the microscopic mechanism of nanoplatelet 
growth. Using the simple concepts of nearest-neighbor binding and a penalty for forming edges, 
these atomistic simulations confirm our 2-dimensional nucleation and growth model. We 
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anticipate that this method will allow us to further explore the parameter space controlling 
nanoplatelet growth and to investigate its behavior on extended time scales.  
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S5.  Supplementary figures 
 
Figure S1 | Absorption spectra taken during NPL syntheses with acetic anhydride, propionic acid, and 
butyric acid. Spectra of the aliquots collected during the course of the reaction were recorded without further 
dilution or purification. The dilution factor was the same for all aliquots and syntheses, hence differences in 
absorbance between samples are absolute and thus directly comparable. A clear trend was observed: the longer 
the aliphatic chain of the carboxylic acids, the higher their required concentration for efficient NPL formation. The 
injection of acetic anhydride yielded NPLs even at 0.5 eq, propionic acid around 1 eq, and butyric acid yielded few 
NPLs even at 2 eqs. When 2 eq acetic anhydride were injected, significant scattering was observed. Interestingly, 
only with 2 eq propionic acid, clear absorption features of 3ML NPLs (371 nm and 391 nm) were observed at early 
time points, which diminished over the course of the reaction while absorption intensities of 4ML NPLs (432 nm and 
458 nm) increased and were dominant at the end of the reaction.   
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Figure S2 | TEM micrographs of the reaction products obtained with 0.5 to 2 eq acetic anhydride, propionic 
acid, and butyric acid. Lateral dimensions of NPLs increased with acetic anhydride concentration, while the 
aspect ratio decreases, and more irregularly shaped NPLs were formed with 2 eq. 0.5 eq propionic acid yielded 
mainly quasi-zero-dimensional nanocrystals (quantum dots) and just few NPLs with high aspect ratio were 
observed, which did not change much as the concentration of propionic acid was increased (even though lateral 
dimension increased). The addition of butyric acid yielded only a few NPLs at all tested concentrations. At the 
highest concentration of butyric acid, more irregularly shaped nanocrystals were observed. 
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Figure S3 | Analysis of the product obtained with acetic anhydride in absence of Se. a, SEM micrographs 
revealed that large crystals were formed. b, The chemical composition was found to be very close to pure 
Cd(OAc)2 by EDS analysis (obtained at 10 kV, x-axis in keV and y-axis in counts). The slightly higher carbon 
content possibly stems from oleate impurities. c, The corresponding powder XRD exhibited very sharp peaks. This 
phase could not be indexed with reasonable fit factors.   
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Figure S4 | Analysis of the product obtained with propionic acid in absence of Se.  
a, 1H-NMR spectrum (400 MHz, CDCl3). The integral ratio of the olefinic (oleate moiety: m,  = 5.34 ppm) and the 
methylic protons (of the propionate CH3 terminus, t,  = 1.13 ppm) suggested a composition close to 
Cd(oleate)0.75(propionate)1.25. However, diffusion ordered 1H-NMR spectroscopy (inset) revealed that a mixture of 
Cd(oleate)1(propionate)1 and a minor fraction of Cd(propionate)2 was present. b, The corresponding XRD pattern 
revealed the layered structure of this material, exhibiting clear [001], [002] and [003] reflections. c, When heated in 
a nitrogen atmosphere, the layered structure is lost already at relatively low temperatures.  
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Figure S5 | Analysis of the product obtained with butyric acid in absence of Se. 1H-NMR (400 MHz) spectra 
of the product obtained with butyric acid (red curve) and pure Cd(oleate)2 (blue curve) showed that oleate was not 
efficiently exchanged for butyrate since no clear signal stemming from butyrate protons could be detected. 
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Figure S6 | XRD analysis of 4-monolayer NPLs from a typical solvent-free synthesis. The obtained diffraction 
pattern could be indexed to zincblende CdSe with small shifts towards lower angles, indicating a slightly larger unit 
cell. 
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Figure S7 | Polarized optical microscopy of Cd(propionate)2/Se melts. A blend of Cd(propionate)2 and Se 
powders (3:1 molar ratio) was heated at a rate of 10 K/min (25-200 °C) under nitrogen atmosphere and images 
were taken at different temperatures. From room temperature up to 160 °C, the sample was optically thick and very 
little light intensity stemming from the birefringence of the crystalline powders was observed. More signal could be 
detected when the material started to melt (around 170-190 °C). The birefringence detected at this point was 
attributed to small crystalline fragments floating in the melt of Cd(propionate)2. Once a homogeneous melt was 
obtained (200 °C), no birefringence was observed, which was also the case after the sample was cooled back to 
room temperature. 
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Figure S8 | DSC of Cd(myristate)2 and Cd(propionate)2 recorded at a heating/cooling rate of 10 K/min under 
nitrogen atmosphere. a, Cd(myristate)2 melted at 87 °C and recrystallizes at 52 °C upon cooling. The melting 
temperature in the second heating step decreased to 82 °C. In contrast to Cd(propionate)2, melting and 
crystallization are reversible for Cd(myristate)2. b, Cd(propionate)2 underwent a polymorphic transition at 110 °C 
and melted at 180 °C. The system did not recrystallize when cooled down, and amorphous Cd(propionate)2 was 
obtained. 
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Figure S9 | Absorption spectrum of NPLs synthesized with amorphous Cd(propionate)2. Amorphous 
Cd(propionate)2 was obtained by thermal pre-treatment (see main text and Figure S8), mixed with elemental Se 
and reacted at 200 °C for 4 h. Absorption features of 3-monolayer (372 nm and 393 nm) and 4-monolayer (435 nm 
and 461 nm) zincblende CdSe NPLs can be observed. The fact that NPLs could form from amorphous precursors 
proved conclusively that NPLs form in a completely isotropic environment. 
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Figure S10 | TEM images and corresponding XRD patterns of samples obtained from different molar ratios 
Se:S. The molar ratio of Cd:(S+Se) was 3:1 in all cases. Blended powders were heated for 18 h at 200 °C and 
dispersed and washed as described above. All samples tended to roll up, most likely due to lattice strain. The XRD 
analysis revealed the zincblende crystal structure and the alloyed NPLs of the type CdS1-xSex since all reflections 
are progressively shifted to lower angles with increasing Se content.  
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Figure S11 | TEM micrographs and XRD pattern of HgSe produced in melts of Hg(OAc)2 and elemental Se. 
No atomically flat HgSe NPLs were observed. However, the crystals still exhibited an elongated, non-cubic habit. 
Scale bars correspond to 200 nm (bottom left) and 50 nm (bottom right). The XRD pattern could be indexed to 
zincblende HgSe (Tiemannite). Experiments with other Hg(carboxylate)2 precursors led to similar results. 
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Figure S12 | TGA/DSC data with additional mass traces of Cd(propionate)2 alone or with Te, Se, or S. 
Thermal decomposition of Cd(propionate)2 starts around 200 °C. In the relevant temperature range (180-240 °C) 
the typical propionate decomposition products (propionyl radical and 2-pentanone) were observed only in samples 
that did not contain Se or S. This finding led to the proposed mechanism depicted in Fig. 3e in the main text where 
elemental Se (S) reacts with the propionyl radicals to form dipropionyl selenide (sulfide), which reacts with 
remaining Cd(propionate)2 to yield CdSe under release of propionyl cations (from dipropionyl selenide) and 
propionate ions [from Cd(propionate)2]. While propionate ions can bind to the surface of formed CdSe NPLs, 
propionyl cations are unstable and decompose to ethene, carbon monoxide, and protons. Indeed, mass traces for 
m/z=28 (which corresponds to both CO and ethene) showed increasing ion currents for all samples (starting 
already at 180-200 °C), while traces for m/z=74 (corresponds to propionic acid) showed significant increase only for 
samples containing Se or S. This indicates that with increasing CdSe formation, more and more propionate ions 
desorb from the crystal surfaces and capture some of the released protons stemming from the decomposition of 
propionyl cations forming propionic acid.  
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Figure S13 | Comparison of simplified model based on first-order kinetics and more realistic model 
including geometric considerations. a, Solution of the simple model at T = 200 ˚C with 𝑘0 fitted to experimentally 
observed timescales (see main text). b, More realistic model solved with the value for 𝑘0 extracted from the first-
order model. 
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Figure S14 | Structure of the Cd-acetate phase used for our DFT calculations. We used 2-dimensional 
coordination polymers of Cd(OAc)2 to estimate the energy of the Cd-acetate precursor. Projections of this 2-
dimensional polymer from the top and the side are shown in a and b, respectively. 
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Figure S15 | Side view of a 4-monolayer thick CdSe(001) zincblende nanoplatelet. The {001} surfaces are Cd-
terminated and passivated by acetate molecules that form bidentate bonds to the Cd atoms on the surface. 
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Figure S16 | Calculation of the edge formation energy. a, The reference geometry is a two-monolayer-thick 
CdSe(001) slab on top passivated by acetates and on the bottom by pseudo-hydrogen atoms. b-d, Different 
computational supercells with electronic closed-shell structures following the electron counting rule. We obtained 
formation energies of 0.58 eV (𝐸𝐿 = 40 meV/Å), 0.42 eV (𝐸𝐿 = 24 meV/Å), and 0.64 eV (𝐸𝐿 = 47 meV/Å) for b, c, 
and d, respectively. 
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Figure S17 | Calculation of the minimum energy path for selected surfactant desorption reactions. 
Desorbing molecules are marked with a red circle in the initial state. a, Desorption of acetate from a perfectly flat 
CdSe(001) surface has an energy barrier of more than 3 eV. b, Desorption of Cd-acetate from this surface has a 
reduced barrier of 2.1 eV. c, The barrier for desorption of the acetate next to a surface step is only 1.2 eV. d, On 
flat and passivated HgSe(001) surface the binding energy of Hg-acetate molecule is 1.1 eV. 
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Figure S18 | A schematic potential-energy surface for monomer adsorption and desorption reactions. The 
reaction coordinate going from left to right corresponds to the reaction of transferring a monomer from the melt to a 
crystal surface. The corresponding barrier is known from DFT calculations of surfactant desorption reactions. The 
reaction coordinate going from right to left is the desorption reaction for which the barrier is given by the sum of the 
monomer adsorption barrier and the energy difference between desorbed and adsorbed state.  
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Figure S19 | Shape distribution of nanocrystallites grown using kinetic Monte Carlo simulations. a, 
Crystallites were started as small crystal seeds and then grown at 1000 K. For each of the shown crystal seeds we 
started N simulation runs, as given in the figure. b, The grown crystallites are each characterized here by the shape 
of a rectangular box (in units of monomers) closely corresponding to the crystallite shape. The plot abscissa is a 
linear dimension given by the geometric average of the two largest box dimensions, and the ordinate is the shortest 
linear dimension of the box. Each simulation outcome is plotted as a blue dot and the histograms show the size 
distributions of platelets with thicknesses ranging from 3 to 6 monolayers. The diagonal dashed line depicts the 
(hypothetical) case of isotropic shapes, i.e. cubical nanocrystallites. Dotted lines indicate crystallites with various 
nanoplatelet shapes: that is, thicknesses from three to six monolayers and large areas. The crystallites of three and 
four monolayers tend to have the largest area and strongly resemble our experimentally synthesized nanoplatelets. 
For thicker crystallites a trend toward forming more isotropic shapes is apparent; this trend is also consistent with 
our experimental results.  
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